Methods of detecting minimal residual disease (MRD) in chronic myeloid leukemia (CML) include chromosome analysis, Southern blotting, polymerase chain reaction (PCR) and fluorescent in situ hybridization (FISH) techniques. We report a novel method t o detect intracellular messenger RNA (mRNA) by combining the techniques of reverse transcription (RT) and PCR performed directly inside the cells, without extraction of the nucleic acid. We applied this method, which we call "in-cell RT-PCR", t o detect hybrid BCRIABL transcript within single cells. After cellular permeabilization and fixation of single cells in suspension, the neoplastic mRNA was reverse transcribed into cDNA, and the cDNA was amplified by PCR with fluorescent primers, specific for bcrlabl. Flow cytometry was used t o detect cells positive for the amplified DNA within the cell cytoplasm. After transferring the amplified cells onto slides by cytospin, the positive cells for BCR/ ABL cDNA were observed by fluorescent microscopy. The technique was capable of detecting low abundancy signals and distinguishing different levels of gene expression. The amplification products were found in the cells and superna-N CHRONIC MYELOID leukemia (CML) the reciprocal I translocation between chromosomes 9 and 22, which leads to the formation of the Philadelphia chromosome (Ph),' allows the Abelson proto-oncogene (ABL) to move to breakpoint cluster region (M-BCR) of chromosome 22.2-4 Consequently, a hybrid BCWABL transcription unit is created. The resultant 8.5-kb mRNA is translated into a hybrid protein of 210 kD (p210) with increased tyrosine kinase a~tivity.~
Methods of detecting minimal residual disease (MRD) in chronic myeloid leukemia (CML) include chromosome analysis, Southern blotting, polymerase chain reaction (PCR) and fluorescent in situ hybridization (FISH) techniques. We report a novel method t o detect intracellular messenger RNA (mRNA) by combining the techniques of reverse transcription (RT) and PCR performed directly inside the cells, without extraction of the nucleic acid. We applied this method, which we call "in-cell RT-PCR", t o detect hybrid BCRIABL transcript within single cells. After cellular permeabilization and fixation of single cells in suspension, the neoplastic mRNA was reverse transcribed into cDNA, and the cDNA was amplified by PCR with fluorescent primers, specific for bcrlabl. Flow cytometry was used t o detect cells positive for the amplified DNA within the cell cytoplasm. After transferring the amplified cells onto slides by cytospin, the positive cells for BCR/ ABL cDNA were observed by fluorescent microscopy. The technique was capable of detecting low abundancy signals and distinguishing different levels of gene expression. The amplification products were found in the cells and superna-N CHRONIC MYELOID leukemia (CML) the reciprocal I translocation between chromosomes 9 and 22, which leads to the formation of the Philadelphia chromosome (Ph),' allows the Abelson proto-oncogene (ABL) to move to breakpoint cluster region (M-BCR) of chromosome 22.2-4 Consequently, a hybrid BCWABL transcription unit is created. The resultant 8.5-kb mRNA is translated into a hybrid protein of 210 kD (p210) with increased tyrosine kinase a~tivity.~
The presence of a cytogenetic and a molecular marker in the leukemic clone allows a correct diagnosis of the disease and a careful follow-up of the residual leukemic clone after ablative treatment, such as allogenic or autologous bone marrow transplantation (BMT),~ or after successful interferona (IFN-a) treatment.' Detection of minimal residual disease (MRD) is possible either by cytogenetics or Southern blotting methods,' which are able to detect up to 1% to 2% of residual disease, or by polymerase chain reaction (PCR)9 tants. The distribution was critically affected by the protease digestion condition. The specificity of amplification was confirmed by a nested RT-PCR of BCRIABL performed on extracted mRNA from the same sample, and by reamplification of supernatants. We have used the technique t o study 10 Ph' CML patients and three normal subjects as controls. Four patients were 100% Ph+ at diagnosis time and RT-PCR' at cytogenetic and molecular analysis, respectively. In-cell RT-PCR showed that the residual non-neoplastic cells could be observed in all cases. In t w o patients undergoing interferon-a (IFN-a) therapy and in four bone-marrow transplanted patients, the in-cell RT-PCR was used t o compare the level of Ph' positivity detected by cytogenetic analysis with the number of cells expressing BCRIABL transcript. In this manner, we could estimate the MRD. Our preliminary application of the technique suggests that it is capable of accurately identifying cells transcribing bcrlabl, and that it may have significant clinical applications in the detection of MRD. 0 1996 by The American Society of Hematology.
with a sensitivity of 1/10,000. Even though the latter technique is very sensitive, by itself, it is not capable of providing information on the real size of the residual clone, although some new modifications may overcome this short-coming.'" Fluorescent in situ hybridization (FISH) could solve this problem, but the procedure is difficult, expensive, and requires sophisticated equipment." The results described here are based on two methods: one for the detection of human immunodeficiency virus (H1V)-1 DNA and mRNA both in cell lines and in the blood of HIV-1 infected patients by insitu amplification of RNA followed by hybridization with fluorescent probe^,'^,'^ and another for the amplification and linkage of the rearranged immunoglobulin heavy and light chain v-genes within single cells using PCR with specific fluorescent primers. I4 We have devised and tested a new method described herein, in which the hybrid mRNA is reverse transcribed (RT) within the cells, and the resulting cDNA is amplified using the PCR technique with fluorescent primers. We describe this easy, sensitive, and inexpensive technique, which we call the "in-cell RT-PCR" assay.
MATERIALS AND METHODS

Patients.
To assess the specificity and the sensitivity of the "incell RT-PCR" assay in cases with different percentages of Ph' cells as determined by cytogenetic analysis and of mixed chimerism, we selected three normal subjects and 10 CML patients. After obtaining informed consent, 10 CML patients who were cytogenetic Ph' and RT-PCR+ for BCRIABL transcript, were admitted to the study (see Table 1 ). Four patients were studied at the time of diagnosis and showed the t(9;22)(34;qll) in all the observed metaphases (patients I through 4 in Table 1 ). Two patients (patients 5 and 6) were analyzed after 6 months of IF"-a therapy' with different degrees of Ph+ metaphases (96% and 60%. respectively). Two other patients (patients 7 and 8) were studied for cytogenetic relapse after BMT performed from sibling bone marrow donors. At the time of RT-PCR and in-cell RT-PCR, they were on IFN-(Y therapy and had 31 of 54 and 5 of 45 Ph+ metaphases (57.4% and 10.4%). respectively. Patients 9 and 10 were also analyzed after allogeneic BMT during a complete clinical and cytogenetic remission: while patient 10 was also negative by nested primer PCR analysis and in molecular remission, patient 4 was still nested RT-PCR+ 6 months after BMT (molecular relapse).
Mononuclear cells from human bone marrow and peripheral blood samples were separated and isolated by centrifugation on Ficoll-Hypaque. Collected cells were washed twice in phosphate buffered saline (PBS) pH 7.2 and pelleted at 1,500 rpm for 10 minutes.
We assessed the best conditions to perform the in-cell RT-PCR test, avoiding clamping or intracellular amplified release. The cells were resuspended and fixed in 4% paraformaldehyde solution (50 pL for 400,000 cells) for 15 minutes at room temperature. Different concentrations of paraformaldehyde (2%, 4%, 10%); different fixing times (2, 5, 10, and 30 minutes) and temperature were analyzed for assessing the reproducibility of the test (data not shown). Overfixation and proteinase K over-digestion have been reported to give rise, respectively, to low amounts of amplified products and higher intracellular amplified product release resulting in a higher final background fluorescence. The method was then performed on the samples at the same fixing conditions mentioned above. Fixed cells were again washed twice in PBS and pelleted at 1,500 rpm for 10 minutes and resuspended in 50% ethanol and a final concentration of 1 to 2 x lo6/mL. They were stored in I-mL diquots at -20°C for up to 3 months. An aliquot was pelleted at 1,500 rpm for 5 minutes and washed in PBS, resuspended in 50 pL of proteinase K (1 pg/mL) (Boehringer Mannheim GmbH, Mannheim, Germany) in 0.1 moVL Tris HCI, 50 mmoVL EDTA buffer (pH 8), and incubated at 37°C for 10 minutes. Protease digestions of 5, 15, 30, 45, or 60 minutes were tested for optimal signal preservation. After digestion, cells were pelleted and washed as above, and underwent reverse transcription.
A total of 38 pL of a reaction mixture containing 100 U of reverse transcriptase, 90 mmoVL KCI, 100 mmollL Tris HCl (pH 8. After the in-cell RT-PCR step, cells were squashed onto glass slides. In each case, one slide was stained with Giemsa to evaluate cellular morphology after RT-PCR. Another slide was counterstained with propidium iodide (PI) in antifade, a coverslip sealed with nail varnish. The slides were examined and photographed by fluorescence microscopy with a dual pass filter specific for fluoroisothicyanate (FITC) and PI. With this filter, the amplified DNA exhibited a yellow green signal, and the nucleus was stained red. We used 640 ASA film (Scotch-3M) and double exposure to photograph the representative cells (magnification x 1,800).
In some cases data acquisition from cytofluorimetric analysis was performed using Lysis I1 software (Becton Dickinson, San Jose, CA) by FACScan (Becton Dickinson). A total of 10, OOO cells were analyzed. To monitor cell integrity and to assess the level of cell damage, cell loss, and release of intracellular amplified product due to the squashing process, cell integrity and morphology were checked after the cytospin. A high proportion of cells (-20%) were found to be disrupted after the in-cell RT-PCR steps by centrifugation; we counted only those cells in which integrity and clear morphology were maintained. Furthermore, to monitor cell integrity and to assess the level of considerable cell damage due to the steps of fixation, digestion, reverse transcription, PCR, and cell transfer to In-cell DNA ampli$ca!ion.
Slide preparation and amplijkation detection.
For the coverslide, we performed the same procedures on samples from K562 cells, a bcr/abl expressing cell line (data not shown). In conclusion, to assess the possible preferential damage of neoplastic or normal cells by the in-cell RT-PCR procedures, we performed the same experiments on different and serial samples of normal plus K562 cells and selective damage of neoplastic cells was excluded (data not shown).
The sequences of the fluorescent primers used in the in-cell RT-PCR were based on the sequences of the bcd ab1 gene15 and were synthesized using an Applied Biosystem 394 DNA synthesizer. The fluorescent phosphorammidite (FAM Amidite, Applied Biosystem, Milan, Italy) was used to perform the 5' end-labeling of synthetic oligonucleotides. The sequences used were:
5'-GTTTCAGAAGCTTCTCCCTG-3' for EA1 22FAM and 5'-
CCA7TTTTGGTITGGGCTTCACACCATTCC-3' for AZFAM.
Fluorescent primers.
Cytogenetic analysis. The chromosome analysis of bone marrow cells was performed on short-term culture without stimulation. Gbanding with Wright stain was employed. Chromosome identification was performed in accordance with International System Cytogenetic Nomenclature. '6 RT-PCR analysis on RNA samples (or supernatants) was performed according to methods previously described." Only the primers employed for reverse transcription and amplification were modified on sequences: we used the antisense abl-based sequence primer (AZ) 5'-CCATTTTTGGTT-TGG GCTTCACACCATTCC-3' and the sense bcr sequence based primer (EA122) 5'-GTTI%AGAAGC7TCTCCCTG-3' for EA130 and for EA12, respectively."
RT-PCR of BCRLABL transcript.
RES U LTS
Fluorescence microscopy after PI counterstaining showed that the leukemic cells containing the amplified hybrid DNA from the 10 CML patients exhibited a yellow-green fluorescent cytoplasm around the red nucleus (Fig 1) . Only the red nucleus was visible in the negative cells (Fig 2) .
Examination of the Giemsa stained cells showed that approximately 20% had been damaged during the technique. In the remaining cells, the cellular morphology was partially preserved, as the cytoplasm is smaller than in normal cells.
Comparative sensitivities of in-cell RT-PCR, classical RT-PCR and cytogenetic analysis.
To assess the sensitivity of the technique, we compared the findings from the in-cell RT-PCR with those from the cytogenetic and classical RT-PCR (Table 1) . In all the samples analyzed, the cells showed variable signal intensity, possibly indicating differential message expression; the intensity of the fluorescence signal in positive cells permitted their distinction from negative cells in all instances. We found that clamping of the cells during the fixation step may lead to underestimation of positive cells, and we assessed the lowest concentration and time necessary for fixing the cells, avoiding clamping artefacts (4% paraformaldehyde solution, 50 pL for 400,000 cells for 15 minutes at room temperature).
RT-PCR is a qualitative assay, while in-cell RT-PCR is a qualitative-quantitative assay, although we found that the latter was able to detect the normal cell (bcr/abl negative) not assessed by RT-PCR in all four patients (patients 1, 2, 3, and 4 in Table l), while cytogenetic analysis was unable to detect these cells without expression of the BCRIABL transcript. This suggests that the sensitivity of in-cell RT-PCR was higher than cytogenetic analysis, as far as quanti& cation of nonleukemic residual clones is concerned.
Two patients (patients 5 and 6 in Table 1 ) were analyzed after 8 months of IFN-a therapy. In patient 5, the bone marrow karyotype showed a minor cytogenetic conversion: 48 of 50 (96%) metaphases were Ph'. In-cell RT-PCR, however, showed a higher percentage of positive cells: 486 of 500 (97.2%). In patient 6, who apparently had 60% Ph+ bone marrow cells, we found 116 (81.2%) positive cells by in-cell RT-PCR. Furthermore, in these two cases in-cell RT-PCR confirmed the presence of negative cells for BCRIABL transcript expression. Did it always agree with RT-PCR of RNA purified samples.
Four patients had received BMT. Two patients, (patients 7 and 8 in Table l), were studied after karyotypic relapse. At the time of classical RT-PCR and in-cell RT-PCR analysis, they were receiving LFN-a therapy and were mixed chimeric, with 57.4% and 10.4% Ph+ metaphases, respectively. The in-cell RT-PCR analysis showed a higher degree of bcr/ ab1 expressing cells in both patients (67% and 18%, respectively). Patients 9 and 10 (Table 1) were analyzed during a complete clinical and cytogenetic remission after BMT: while patient 10 was found to be negative by classical RT- For personal use only. on October 22, 2017. by guest www.bloodjournal.org From natant, it is possible that they may diffuse nonspecifically into bystander cells. We examined this possibility by performing in-cell RT-PCR in CML patients (patients 5 to 8 in Table 1 ) after a partial degree of cytogenetic Ph+ conversion. Before this step, IFN-a therapy or an allogeneic BMT had been performed, with subsequent cytogenetic and molecular relapse. In all cases the levels of in-cell RT-PCR were higher than cytogenetic detection of Ph+ cells (ie, 67.3% v 57.4% in patient 7), although influence of amplification diffusion could not be excluded. The only case with real molecular MRD (patient 9 in Table 1 ) was detected and quantified by the in-cell RT-PCR assay, suggesting that the methods involving PCR may be more sensitive than cytogenetic analysis.
DISCUSSION
Intracellular nucleic acid reactions have strong potential for clinical diagnostics, prognostics, monitoring of therapy, and research. FISH is a highly specific method that gives molecular information on both the genotype and gene expression of individual cells, without the need to extract DNA or RNA. However, FISH is relatively insensitive, and the results are often difficult to interpret. Furthermore, the success of FISH protocols is often dependent on the sequence being investigated. An obvious way of overcoming FISH is to amplify the cDNA by PCR or by other nucleic acid amplification techniques. DNA amplification has traditionally been performed in vitro, and recently, several different amplification strategies and protocols using in-situ PCR have been d e s~r i b e d . '~.~'~'~ Intracellular reverse transcription is possible and is relatively quick and simple.
We also have developed a method for in-cell sequence transcription and amplification of the neoplastic BCRIABL transcript in CML patients. Cell preparations on suspension are fixed and then either gently digested with proteinase K before use, or cryopreserved for long periods. Alcoholic fixation has also been reported by other investigators to give excellent results.20~21
Instead of an alcoholic fixation, we employed a paraformaldahyde fixation method, trying to avoid the reported cross-linking effect of the fixative on membranes and on Taq polymerase. We keep permeabilization to the absolute minimum needed to retain the right balance between getting reagents into cells, keeping them there, and preventing the egress of amplified nucleic acids (over-permeabilization necessitates subsequent cell fixation to prevent product leakage). This optimizes morphologic preservation, allows nested reactions to be performed, and may also inactivate or exclude nucleic acid-degrading enzymes maintaining cellular membrane compartmentalization.
In the first application of the method,14 the FAM generic oligonucleotides were substituted by our one-step PCR with sequence specific primers made fluorescienated during synthesis. This reduces the time needed for in-cell analysis. The two-round in-situ PCR with outer flanking primers for the first round in-situ nucleic acid reactions, followed by inner flanking primers for the second round in-situ nucleic acid reactions (so called nested in-situ nucleic acid reaction^)^^.^^ PCR analysis (molecular remission about 9 years after BMT), patient 9 was still RT-PCR' (about 6 months after BMT). Using in-cell RT-PCR analysis, we confirmed both the RT-PCR results and quantified the positive result (1 positive cell and 106 negative cells, ie, 0.9%).
The remaining three subjects were healthy bone marrow donors, in which in-cell RT-PCR was negative in 133, 100, and 148 observed cells, respectively.
In some cases, flow cytometry was used to analyze mRNA sequences in the cells' cytoplasm. Figure 3 shows representative histograms for the RNA of the cell population from a bone marrow donor and a Ph+ CML patient, respectively.
Because false positivity is a common pitfall in many PCR procedures, we performed a number of control experiments to ensure that the strong bcr/abl expression was not an artefact. The absence of signal when the reverse transcriptase was omitted in RT-PCR of the supernatants, showed that the in-cell RT-PCR was truly detecting the synthesized cDNA, rather than genomic DNA. Furthermore, the great distances on DNA between genomic sequences of bcr and ab1 genes involved in translocation were unlike DNA amplification. The absence of a detectable signal after cDNA synthesis alone indicated the necessity of message amplification: this observation was confirmed when Taq polymerase was omitted from the PCR reaction. Moreover, the absence of a signal in the cells of the three normal subjects employed as negative controls confirmed the fidelity of the in-cell RT-PCR assay (Table 1) .
Because in-cell RT-PCR products were detectable in the superNegative controls for ' 'in-cell RT-PCR. "
Signal difJsion and speciJicity of in-cell RT-PCR.
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From is probably more sensitive and specific, but requires more time. When the amplification is complete, the cell suspensions are placed on slides and are ready for visualization. In the future, image analysis2' and the highly optimized microscopic environment (HOME) system" may provide exciting possibilities for quantifying the histological evaluation, both for signal intensity and number of positive cells identified.
The method described here was used to detect mRNA expression from bcr/abl single-copy gene in CML Ph+ cells. It seems to provide a good tool for a qualitative and quantitative analysis of the MRD after either BMT or IFN-cr treatment of Ph-positive CML patients.
Selective, intracellular amplification of hybrid BCRIABL transcript, which is not present in normal cells, allows the detection of single leukemic cells among a normal cell population. This method appears more sensitive than cytogenetics and Southem blotting, which can detect up to 1% to 2% of MRD, depending on the number of metaphases scored and the characteristics of the DNA employed, respectively.' The sensitivity of the technique may be amplified by the use of a cytofluorimeter able to count several thousand cells in a short time. Because the target can be exponentially amplified with PCR, in-cell PCR enables the researcher to detect and localize low-abundance DNA and RNA sequences. A very high sensitivity is expressed by the classic RT-PCR technique, which does not quantify the amount of residual transcript inside the single cell.I3 Quantitative PCR has recently been described and allows calculation of the relative size of the abnormal clone," with a rather high degree of confidence.
On the contrary, in-cell RT-PCR, as we have called our method, is easy, can be done quickly, and does not require nucleic acid extraction and purification. We used it for detecting the MRD in allogeneic bone marrow transplanted patients with cytogenetically undetectable MRD. Furthermore, at diagnosis, we were able to detect the presence of residual nonneoplastic cells and to quantify the number cells of not expressing the BCRIABL transcript. In our opinion, it is the only method that can permit this, while avoiding the necessity of analyzing a large number of metaphases by karyotypic analysis. In conclusion, in-cell RT-PCR extends the researcher's ability to detect and localize specific RNAtargets cells and t i s s~e *~'~~' *~*~~~~ and in the future may be used for in-cell detection of gene level expressions. The technique appears reproducible, reliable, inexpensive, and sensitive enough to become a valid alternative to traditional MRD-detecting methods.
